INTRODUCTION
Many of the next generation, high performance metal matrix composites (MMC) and intermetallic matrix composites (IMC) are reinforced with continuous fibersl. The properties of such materials depend on the fiber distribution and porosity content, among other things. The deviation from a uniform fiber density distribution and the presence of porosity are the results of non-ideal manufacturing process. Such conditions have important effects on the stiffness, strength and failure behavior of the composites. Both the reinforcing fibers and the voids interact strongly with probing fields used for material property characterization and nondestructive evaluation, including ultrasound, eddy current and x-ray.
In this work, an intermetallic matrix composite of NiFeAl reinforced with unidirectional, continuous tungsten fibers was examined with ultrasound, eddy current and x-ray radiography. The images of the IMC produced with these NDE probing fields showed considerable inhomogeneity even though the sample did not contain any intentional defect and had not been tested mechanically2.
To correlate the features of the NDE images with the interior microstructures of the sample, metallography and image analysis were conducted on a strip cut from the coupon to assess the fiber density variation and void content distribution. The fiber distribution was quantified based on fiber positions measured with an optical microscope. The voids in the matrix were considerably smaller than the diameter of the fibers but could not be conveniently separated by gray scale intensity from the dark rings that marked the boundary of the fiber cross-section on a micrograph (see Fig. 3 below) . To obtain quantitative data for the porosity content and its distribution, mathematical morphology methods 3 ,4 were used for analyzing the micrographs of the IMC cross section. Both the fiber distribution data and the void content data were compared with ultrasonic C-scan image, eddy current scan image and x-ray radiograph of the NiFeAIlW f coupon.
For details of the nondestructive evaluation measurements and the extraction of void fraction from the micrograph, the readers are referred to two prior publications on these topics 2 .5.
SAMPLE DESCRIPTION
The specimen used in this study was a small coupon of NiFeAIlW f • The original dimensions of the coupon were 27.6 x 18.5 x 0.72 mm. The coupon contained three rows of unidirectional, continuous fibers of tungsten lying parallel to the plane of the coupon. The diameters of the fibers were equal to 100 /lm and there were approximately 180 fibers per row along the 27.6 mm dimension. The length of the fibers, being perpendicular to the long dimension of the coupon, was 18.5 mm. The composition of the matrix was given to be approximately 50 at% Ni, 20 at% Fe, 30 at% AI, and trace amounts of other elements. The coupon was weighed and its density was determined to be 9.21 g/cm3. To determine the microstructure of the coupon, a small needle-shaped strip, approximately 27.6 x 1 x 0.72 mm, was cut from the bottom edge. This strip was mounted, polished, and micrographed to produce microstructural data. Figure 1 shows two regions of the cross section, each 2.5 mrn long, with considerably different fiber density.
MICROSTRUCTURAL CHARACTERIZA nON Fiber Density Distribution
The fiber location and inter-fiber spacing for the three rows of fibers were measured under a microscope. These data were entered into a computer for geometric reconstruction of the cross section of the composite coupon. Since both the ultrasonic and x-ray measurements were made in the transmission mode, the results were sensitive to the integrated material properties through the thickness. The fiber spacing data for the three rows were therefore averaged before comparing with the NDE results. Figure 2 shown. Due to the large number of fibers in each row, the data showed considerable fluctuation. Another way to present the fiber density distribution is to divide the cross section of the coupon into many segments and to compute the area of the matrix of each segment as a function of position. In order to compare with the NDE results, the length of the coupon was divided into 27 segments, with each segment having a length of 1 mm. (This particular segment length was chosen because the ultrasonic beam width and the eddy current coil diameter were both approximately 1 mm). With all the fiber positions stored in the computer, the matrix areas were easily calculated and the results are shown in Fig. 2(b) . These results showed that the matrix area per segment was high (or the fiber density was low) for the left one third of the coupon (see the plateau in Fig. 2(a) ). The matrix area then decreased (i.e., fiber density increased) near the middle of the coupon and showed a dip slightly to the right of the center. Finally, near the right hand edge of the coupon, the matrix area showed a peak (corresponding to a minimum in fiber density).
Porosity Content Extraction
In the NiFeAIIW f intermetallic matrix composite, voids only occur in the matrix and not in the tungsten fibers, as shown in Fig. 3(a) . The void fraction of interest is therefore the combined area of the voids in a segment divided by the area of the matrix of the segment. It is therefore necessary to separate the fibers and the voids. To take advantage of the large difference in size, we chose to analyze the images with mathematical morphology methods and use the CLOSING operation 3 .4. In this approach, one chooses a structural element of a certain size and shape according to the geometry of the region of interest. When the CLOS-ING operation is applied to a binary image, dark areas smaller than the structural element will be eliminated from the image.
In order to apply the binary CLOSING operation, the interior of the circular 100 11m diameter fiber cross sections were first painted black. This was done on a personal computer with a paint program using a dark disk of the right size to blank out the entire fiber. The result is shown in Fig. 3(b) . In producing Fig. 3 the image overshot the specimen were cropped off. Figure 3 (b) was then thresholded to make a binary image, as shown in Fig. 3(c) . The voids appeared as smaller singular features but some of them were in contact with the tungsten fibers. The binary CLOSING operation was then applied to Fig. 3 (c) using a circular structure element that was larger than the largest void but considerably smaller than the fibers. The CLOSING operation on Fig. 3(c) produced Fig. 3(d) , in which essentially only the fibers remained. To obtain the image of the voids, Fig. 3(d) was subtracted from Fig.  3(c) and the result was shown in Fig. 3(e) . Because of the slight distortion of the fiber images caused by the CLOSING operation, the fiber images were not subtracted out exactly and some small "residual" remained. These residuals appeared as dots much smaller than the void sizes and occurred only along the perimeters of the fibers. However, real voids in contact with fiber perimeters were successfully recovered.
In order to remove the residual, the CLOSING operation was applied one more time, on Fig. 3 (e) using a judiciously chosen structure element. The criterion was to use the smallest structure element that was capable of eliminating the residual. Because the residual has the distinct appearance of a circular dotted line around the fiber images, it was relatively easy for the operator to determine when the residual was removed. The result after removing the residual is shown in Fig. 3(t) , which contains all the voids in the original Fig. 3(a) . To obtain the void fraction, we simply divided the combined area of dark pixels in Fig. 3(t) by the area of light pixels in Fig. 3(d) . For the 1 mm section of the sample shown in Fig. 3(a) , the void fraction was found to be 4.4%.
By analyzing a series of 27 micrographs for the mounted and polished NiFeAlIW f sample, we obtained the void content as a function of position along the length. The results are plotted in Fig. 4 . Such spatial distribution of void content can then be correlated with scan images obtained with ultrasound, eddy current and x-ray radiography.
NDE MEASUREMENTS
Three commonly used NDE techniques --ultrasonics, eddy current and x-ray radiography --were used to assess the homogeneity of the NiFeAlIW f coupon. Ultrasonic scans were made in the through-transmission mode using two broadband, focused immersion transducers with nominal center frequency of 15 MHz and focal length of 3" (7.6 mm). The Ultrasonic C-scan image showed considerable inhomogeneity2. To compare with microstructural data obtained near the bottom edge of the coupon, the amplitude of transmitted ultrasonic pulse along the bottom of the coupon was plotted as a function of position. This result is shown in Fig. 5 .
The eddy current scan was made using a 2 MHz probe attached to a pc-based scanning system. At this frequency, the skin depth was estimated to be about one fourth of the coupon thickness (magnetic effects were ignored in this estimation). The eddy current scope was adjusted so that the lift-off trace was horizontal on the impedance plane at the origin of the scan. The reactive (vertical) component of the eddy current response was then used in generating the scan image shown in Fig. 6 . Like the ultrasonic case, the results in Fig. 6 represent a line of the eddy current image near the bottom edge of the coupon.
Finally the coupon was examined with x-ray radiography. A real time microfocus system was used in acquiring the radiographic image. The voltage setting was 50kV and the results shown in Fig, 7 were acquired with an image intensifier. Like the ultrasonic and eddy current cases, the results in Fig, 7 also represent a line near 
COMPARISON BETWEEN NDE RESULTS AND MICROSTRUCTURES
A review of NDE results in Figs. 5 -7 showed that there was gross-feature consistency among the ultrasonic, eddy current, and x-ray results. The scans generally showed a plateau on the left hand side and a valley preceding the final peak on the right hand edge. This behavior was in qualitative agreement with the fiber density (or matrix area) distribution of Fig. 2(b) . ------------------- In both ultrasonic and eddy current scans, there seemed to be a peak near the middle of the coupon. A corresponding peak was not observed in the fiber density distribution, however.
For the x-ray scan, there were more fluctuations (as compared to eddy current and ultrasound results) in the transmitted x-ray intensity as a function of position. This was to be expected considering that both ultrasound and eddy current results contained some spatial averaging due to the larger dimension of the ultrasonic beamwidth and the eddy current coil diameter. The variation of void content with position, shown in Fig. 4 , was relatively small. The void content appeared to be higher near the left edge and showed a peak at the right edge. Overall the void content was approximately 4.5 ± 1.5%. A comparison of the void content variation with the NDE results showed that the correlation was weak at best. In contrast, the correlation of NDE results with fiber density variation was stronger. From physical interaction considerations 2 , one would also expect the fiber density variation to have a greater effect on NDE results than the void content variation. First of all, the fiber diameter was quite large in comparison with the void sizes. Secondly, the acoustic impedance, magnetic property, and x-ray absorption coefficient of tungsten were very different from that of the matrix. Therefore, the qualitative correlation between the NDE results and the microstructural characteristics seemed reasonable.
